Long-period fiber Bragg gratings (LPG) where the grating period is much longer than the wavelength of light have many unique characteristics and find uses in gain-flattening filters and mode converters. This paper describes the characteristics of the initial LPGs fabricated at the University of Adelaide using an infrared CO 2 laser. The optical system implemented promotes uniform irradiation of the full circumference of the fiber, avoiding many of the nonuniformities, associated with a single sided system. Some initial gratings have been made using this method, which typically show an attenuation of 10dB within a wavelength range (FWHM) of 8 nm. Work is now focused on improving these devices through an understanding of the writing process and its effect on the transmitted spectrum.
where λ D is the design wavelength, where the transmission dip is required. This contrasts with regular FBGs that depend inversely on the sum of these two quantities: the flip in sign being caused by the reversal in direction of the reflected mode propagation constant. Once generated, cladding modes may subsequently be discarded or attenuated, depending on the application. Long period Bragg gratings are simpler to produce than the regular short period gratings, as the periodic variation of refractive index can be heat-induced in a step and repeat process [8] that can easily incorporate non-repetitive elements to give special effects. This procedure relies on the internal stress in a fiber which is frozen in during the drawing process. Heat is applied to a short length of fiber to raise its temperature close to that of the plastic state, at which point the internal stresses are relieved. The physical changes induce a small change in the local density and corresponding change in the refractive index. In the process described here, the fiber does not need to be pretreated as it does for UV printing, however hydrogen loading has been shown to improve the sensitivity of the fiber to this process [8] . Also no post-treatment or annealing is necessary.
Although CO 2 lasers have previously been used to produce LPGs, there is a lack of systematic, reproducible information in the literature to assess in detail the mechanism, advantages and limitations of the method. It is the objective of this work to remedy that. This paper describes the initial results obtained from an experimental set-up used at the University of Adelaide. Section 2 describes the method used to apply symmetrical heating to the outer circumference of a fiber. The characteristics of the LPGs produced have been measured and are reported in Section 3. These include the sensitivity of the process to the amount of applied heat and the time during which it is applied. Other investigations look at the effect of tension required to suspend the fibre. The phenomenon of over-coupling is described as it was encountered when trying to increase the length of the grating. Section 4 describes a thermal model that was constructed to understand some of the results obtained previously. It is able to predict the spatial distribution of temperature and the rapidity with which the fibre heats and cools. Its relevance is discussed in section 5 that relates the model to the observations reported earlier. Thereafter some conclusions are drawn in Section 6.
METHODOLOGY.
The experimental set-up is shown in Fig 1. It makes use of a CO 2 laser to deliver enough energy to a single mode fiber and to raise the temperature of the fiber close to the plastic state. The CO 2 laser emits a maximum of 10W of radiation at 10.6 µm. An electronic controller switches the beam on and off using a high voltage rectangular wave signal of 5kHz repetition frequency. The mark-space ratio of the rectangular wave (called the duty cycle) can be varied between 5 and 95%, varying the amount of power delivered between 0.5W and 9.5W. A helium neon (HeNe) laser is used for alignment purposes. It can be switched into the beam path and aligned with the CO 2 laser beam through the use of a pair of irises and a mirror on a dynamic mount. The HeNe is used for coarse alignment of the beam elements and the final alignment is made by observing the effects of the CO 2 beam on the fiber itself. The CO 2 beam emerging from the laser is a Gaussian TEM 00 with an initial waist, w o , of 1.5mm. The beam expands by diffraction and an additional expansion by a factor of 2.5 is achieved with a pair of concave mirrors. The central portion is removed using a plane mirror with a central hole, φ12mm, producing an annular (donut-shaped) intensity distribution. This beam is directed coaxially along the fiber, and focused down with a parabolic mirror, focal length 5mm, onto a ring around the surface of the fiber with a lateral extent of about 30 µm. This ensures that the laser beam intensity is uniformly applied to the circumference of the fiber and in doing so, reduces the possibility of any nonsymmetrical deformations that may induce polarization sensitivity [9] . The IR radiation is absorbed within a wavelength (10.6µm) or so of the surface of the fiber [10] . The parabolic mirror is translated along the fiber under computer control to print the several lines required for the grating. The fiber was a single mode fiber with core diameter 9.5 µm, cladding diameter 125 µm covered with a buffer coating of 243.7 µm made by OPTIX [11] . The plastic buffer coating was stripped off a 10 cm length of fiber in the region where the grating was to be printed, prior to the heat treatment. The fiber is held horizontally between two V notches under tension. More reliable operation was obtained when the tension was low, typically 0.05N. The catenary shape assumed by the fiber under this tension, resulted in a maximum vertical deviation of 9 µm over the 100mm (±50mm) length of a typical grating. While the grating is being written, a broadband IR source is coupled into one end of the fiber and read out at the far end into a spectrum analyzer so that the effects of writing additional lines can be monitored.
RESULTS.
The graph shown in Fig 2 is the spectrum obtained from a fiber grating written with 180 lines at a spacing of 480µm. The width of the plot is determined by the broadband source used and extends from 1300nm to 1700nm. It shows a major absorption peak (dip) at 1483 nm with a value of 10dB. The core mode typically couples to odd-order cladding modes [7] and can couple to any mode that satisfies the phase relationship in equation 1. Other peaks are seen at 1378nm and 1573nm, where the next lower-and higher-order phase matches take place. The width of the main peak can be measured as the full width between first zeros (FWFZ) and is 18nm for the spectrum taken at 7.5% duty cycle. This agrees well with the formula given by Erdogan [7] for the width of a transmission peak from a weak grating,
being inversely proportional to the number of lines in the grating. One other parameter that may be deduced from the figure is the insertion loss, which can be seen to be small for wavelengths well away from the absorption peak and rises to a value of 1.5dB at 1463nm just below the main peak.
There are several parameters that may affect the writing of lines including the total amount of energy delivered to the fiber, the time over which it is delivered and the tension applied.
The energy threshold.
The results of the investigation shown in Fig 2, indicate that the onset of line writing is a sharp function of the applied energy. The energy delivered by the CO 2 laser is determined by the duty cycle of a 5kHz rectangular wave controlling the laser output. The graph shows the result of writing three gratings each of 180 lines, with increasing duty cycle, between 6.5% and 7.5%. At 6.5% no change is seen in the original spectrum, but at 7% the dip begins to grow. A maximum dip size of 10dB is observed at 7.5%.
The duration of the laser beam.
Other investigations were conducted to see the effect of delivering the same amount of energy rapidly or slowly over a longer period of time. The time ranges for writing each line varied from 50ms to 400ms and the graph in figure 2 was obtained with the longest setting. The duty cycle required for the onset of grating writing varied from 17% at the shortest time to 7.5% at the longest. No difference in the optical properties was seen within this range of line writing times, probably because the thermal time constants were longer than this. See the results at the end of section 4.
The tension applied to the fiber.
The effect of the tension applied to the fiber was investigated. At higher tensions up to 3.92N, the fiber tended to deform, imparting a discontinuity into the fiber at the point where the CO 2 laser beam was focused. This was associated with a large attenuation at all frequencies indicating large insertion losses. Lower tensions reduced this possibility and allowed the internal stresses to relax without incurring any physical deformation. The best gratings were obtained with the lowest tensions.
Over-coupling
In an attempt to increase the attenuation above 10dB, more lines were written. However it was found that as more lines were written the transmission dips decreased. This was probably due to over-coupling, as the signal was coupled back from the cladding into the core. According to Erdogan [7] the maximum cross transmission occurs when
where L is the length of the grating and κ is the coupling coefficient between the core and cladding modes. Once the product κL exceeds π/2 the cross transmission decreases. The build-up of cladding mode amplitudes was exacerbated by the removal of the external plastic buffer coating which was done in order to allow the CO 2 beam to fall directly onto the glass fiber. This coating has a higher refractive index than the cladding and when present, diverts much of the energy out of the cladding region. The coating can be re-applied or the fiber dipped into a liquid of higher refractive index [12] to remove these cladding modes and prevent over-coupling.
Width of the grating lines.
Another investigation was made to see the effect of increasing the line width, while keeping the spacing constant. Overwriting a second set of lines immediately adjacent to the first, and spaced apart from them by a distance of about 30 µm can achieve this. As the initial spot size itself has a lateral spread of 30 µm, the second set of lines effectively increases the total lateral spread to 60 µm. No effect was seen. This experiment is equivalent to increasing the value of δn eff : the 
THERMAL MODELLING
A finite element model of the fiber has been implemented in FEMLAB [13] . The model was initially tested against data taken from a glass rod supplied by Schott [14] that was large enough (φ30.6mm) to accommodate several thermocouples. The rod was heated with a coil wound from Constantan and the temperatures at different radii and several distances away from the heating coil were recorded. The thermal properties of glass: the heat capacity, conductivity and emissivity were taken from The TPRC Data Series [15] and Grellier [16] . The convection coefficient was calculated from formula derived by Churchill et.al. [17] and data quoted in Holman [18] . The emissivity was kept constant at 0.95. The results obtained with the FEMLAB model are shown in Fig. 3 and agree with the measured data to ±1 o C, which is around the level of temperature fluctuations in the lab.
Figure 3: Comparison between the data from the heated glass rod and the FEMLAB model
The model was then scaled down to simulate a typical fiber with uniform physical properties. Heat was applied to the surface of the fiber in a uniform ring with an axial length of 30 µm. During a heating cycle of 100 ms, in which 0.47J of heat was delivered, the temperature at the surface of the fiber reached 1741 o C with the temperatures at the centre and the surface tracking each other to within 50 o C. The heat rapidly spreads out along the fiber as well, so that at the end of the heating cycle, temperatures were above the plastic limit (glass transition temperature) taken as 1700 o C, for distances ± 65µm along the fiber as shown in figure 4 . At the end of the heating cycle, the fiber was allowed to cool and the central temperature dropped to 1/3 rd of its peak value in 450ms. The model is a simple one in that it does not take into account changes in the heat capacity when the temperature goes through the glass transition [19] and does not fully model the changes in internal radiation due to the transmission spectrum and the temperature dependant black-body spectrum. However these same constants were used by Grellier [16] to accurately predict the drawing of tapered fibers, so they represent the effective values of more detailed calculations.
DISCUSSION
Gratings written by IR techniques can be expected to differ from those written by UV techniques due to the radial change in the refractive index . In a UV-induced grating, the largest change is confined to the core. This is correlated with the increased concentration of germanium in the core [20] , used to induce the necessary refractive index difference between core and cladding. The germanium content can vary from 3% (3 mol% GeO 2 ) in regular fibers to 30% (30 Courtesy Univ. of Melbourne mol% GeO 2 ) for fibers used specially in grating manufacture, where increased photosensitivity is desired. In a grating written by IR techniques, the temperature changes are larger in the cladding than the core, so it may be expected that the resultant refractive index changes are at least as great if not larger. The sensitivity to heat induced refractive index change, is due more to the amount of pulling tension used in the fiber manufacturing process. The theoretical approaches quoted above [7, 21] all start from the assumption that the refractive index changes induced by the grating writing process are confined to the core. It is clear that a different approach may be required here.
An image of the fiber, taken between crossed polarizers, has been prepared at the University of Melbourne, and is shown in Figure 5 . A regular pattern of lines can be seen repeated at a spacing of 480 µm. The pattern contains two bright areas that extend across the fiber. One interpretation of these bright areas is that they delineate the extent of the thermally affected region which in this case, would have an axial length of 130 µm. This is confirmed by the thermal model which predicts that the length of fiber, with temperatures elevated above the plastic limit, is much larger than the illuminated spot-size.
The null result regarding increasing the width of the grating lines can also be understood by this same argument. The heat is conducted along the fiber to such an extent that the axial region affected by the laser is much larger than the 30 µm axial spread of the focal point.
The sudden onset of the writing process as the energy is increased, can be expected as the range of temperatures at which glass exhibits plastic qualities is a limited one. Some care is required to keep within this range as temperature excursions above the range lead to permanent physical deformation of the fiber, and increased insertion loss. The gratings produced here exhibit no physical deformations and no external evidence of grating writing -consistent with the low insertion loss measurement.
The spectral width was found to be inversely proportional to the number of grating lines ñ in agreement with what is expected from a weak grating. This definition comes from the theoretical determination of the FWFZ [7] of the transmission peak:
where κL < π. If the second term under the square root can be ignored, then using equation (1) and noting that Λ/L =1/N the expression reduces to that given in equation (2) . This seems to be confirmed by the fact that changes in δn eff have little or no effect on the wavelength of maximum transmission and κ is dependant upon δn eff . However the fact that over-coupling occurs when more than 180 line are written indicates that κL must be close to π/2 as determined from equation (3).
6.CONCLUSION
Long-period fiber Bragg gratings have been written in a single mode fiber using an IR laser to relieve the physical strain built-in to the fiber, thus changing slightly the density and the refractive index of the glass. The laser radiation was delivered uniformly around the circumference of the fiber so as to avoid any non-symmetrical effects that might affect the polarization sensitivity. The step and repeat method though slower than the application of a phase mask, has other advantages in that it is easy to tailor the grating to include non-repetitive patterns such as those required for apodization or to write super-gratings. It also does not require any pre-or post-treatment reducing the overall time to fabricate the gratings. While the results are in general agreement with existing theory, the details are not well predicted which is probably due to the fact that the refractive index of the cladding is also changed by the heat/strain relaxation method.
